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This paper investigates why material throughput remains high in the UK automotive industry when
there are opportunities for material efﬁciency improvements. Informed by socio-technical studies of
automobility, the paper emphasises the importance of recognising how decisions regarding material use
are always shaped by more than simply cost considerations. Drawing on industry interviews, six inter-
connected socio-technical factors are identiﬁed that guide the vehicle design and manufacturing process.
These are: (1) customer preferences; (2) market positioning; (3) techno-economic feasibility; (4) supply
chain feasibility; (5) regulation and (6) organisational attributes. These factors can provide insights into
the current operating context of the UK automotive industry and help explain why the average material
intensity of vehicles and vehicle throughput are increasing. Overall, the paper shows that the efﬁciency
of material use in the UK automotive industry is the outcome of complex and advanced design and
manufacturing processes. Understanding these processes and the factors that guide them can potentially
increase the likelihood of the automotive industry adopting material efﬁciency initiatives.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Approximately a quarter of global greenhouse gas emissions
(GhG) are released during the transformation of ores intomaterials,
andmaterials into products and services (Bajzelj et al., 2013). If GhG
emissions-intensive materials such as steel and aluminium were
used more efﬁciently, there could be a reduction in industrial en-
ergy use and emissions. The Intergovernmental Panel on Climate
Change (IPCC, 2014) conclude that industrial material efﬁciency,
improving the ratio of material inputs to deliver products and
services, is currently an underexploited GhG mitigation strategy.
The automotive industry is a large source of material demand.
Globally the industry uses approximately 130 Mt/y (Wells, 2010).
The total amount of material throughput along the automotive
supply chain will depend on how much material is embedded in
each vehicle (material intensity), how many vehicles are sold
(vehicle throughput) and any yield losses that occur during the
manufacturing process. Vehicles are manufactured and traded
around the world. The UK for example, exports vehicles to over 100
countries. Over half of UK vehicles are sold in Europe (SMMT, 2016).r Ltd. This is an open access articleIn Europe, the average material intensity of vehicles is growing
(Fig. 1). In spite of efforts to switch to lighter materials and light-
weight design, cars have become larger in size and heavier across
all vehicle segments. This is partly due to the introduction of new
features designed to improve comfort, safety, security and emis-
sions control (Zervas, 2010). Data from the OICA (2016) shows
vehicle throughput in the global automotive industry is also
growing. Nearly 100 M cars and commercial vehicles were manu-
factured in 2015, almost double the output in 1997, to meet
growing demand for personal mobility. In more mature markets,
such as the EUwhere the stock of vehicles is stable (Eurostat, 2016),
demand is also for replacement vehicles. Vehicle production in the
UK automotive industry is increasing (ICCT, 2016), to meet both
types of demand.
GhG emissions arise during material production, vehicle
manufacture, vehicle use and material processing at the end of a
vehicle's life. The amount of GhG emissions released at each stage is
dependent on the material type and whether it is from primary or
recycled sources. At present the ideal material mix is unclear.
Switching between materials may lead to lower vehicle weight and
in-use GhG emissions, but may result in higher lifecycle emissions
depending on how a vehicle is used and how material is manu-
factured and treated at the end of a vehicle's life (Witik et al., 2011).
Material efﬁciency improvements are complementary to materialunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Fig. 1. Percentage increase in average EU vehicle dimensions by segment between the years 2001 and 2014 (ICCT, 2016).
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mix. Allwood and Cullen (2012) detail strategies for material efﬁ-
ciency improvements throughout a vehicle's lifespan. From the
outset, vehicle material intensity could be reduced by designing
smaller, lighter cars. This could also reduce in-use GhG emissions.
Holding all other factors constant, lighter cars have lower GhG
emissions (German and Lutsey, 2010) as they require less energy to
accelerate to a given speed and have a lower rolling and aero-
dynamic resistance. As a result, smaller, lighter cars require less fuel
(Nieuwenhuis, 2014). During vehicle manufacturing, scrap material
from the assembly line could be diverted for other uses and yield
losses could be reduced through better tessellation and gripping.
During the use-phase, vehicles could be used for longer and more
efﬁciently. Car sharing for example, could reduce vehicle
throughput as fewer cars would be needed to deliver passenger
kilometres. Components could be reused at the end of a vehicle's
life rather than re-melted to avoid further processing. Each of these
strategies may require a change in the way the automotive industry
designs, manufactures and captures value from cars.
Although these strategies are technically feasible, the increase in
material intensity of cars and high vehicle throughput suggests
they are not currently widely adopted in the automotive industry.
There are a range of factors that inﬂuence how cars are designed,
manufactured and sold by the industry (Wells and Nieuwenhuis,
2012), which mean that opportunities for GhG emissions re-
ductions via material efﬁciency improvements may be a secondary
consideration.
Using the UK automotive industry as a case study, this paper
investigates whymaterial throughput remains high when there are
technically feasible opportunities to improve the efﬁciency of ma-
terial use. It aims to identify what factors, speciﬁc to the UK oper-
ating context, are contributing to an increase in average vehicle
material intensity and vehicle throughput. This analysis contributes
empirical evidence to explain why opportunities for material efﬁ-
ciency improvements may not be realised within industry.
Section 2 of this paper outlines existing studies that have sought
to explain the low uptake of material efﬁciency strategies in
different sectors, including automotive. These papers typically
employ either a techno-economic or a socio-technical framework.
Techno-economic studies examine the barriers preventing in-
dividuals and ﬁrms from adopting more efﬁcient technologies and
strategies. Socio-technical studies examine how the interactionsbetween various elements within a system (e.g. social, technical,
political, cultural and economic) stabilise over time, which may
result in more efﬁcient technologies and processes not being
adopted. Section 3 details the research methods employed in this
study. Section 4 outlines six critical factors that guide the vehicle
design and manufacturing process, providing insights into the
operating context of the UK automotive industry. Section 5 dis-
cusses how these factors are contributing to increases in the ma-
terial intensity of vehicles and vehicle throughput. Section 6
summarises the main research ﬁndings and suggests topics for
future research.
2. Literature review
Material efﬁciency can be improved by implementing the six
strategies outlined in Allwood and Cullen (2012). These are (1)
lightweighting, (2) diverting manufacturing scrap, (3) reducing
yield losses (4) using products for longer (5) using products more
intensively and (6) reuse without re-melting. Studies which have
sought to explain the limited uptake of these strategies typically
adopt either ‘techno-economic’ or ‘socio-technical’ frameworks.
These two analytical frameworks are underpinned by different
assumptions, concepts, values and practices. These differences in-
ﬂuence how non-adoption of material efﬁciency opportunities are
researched and understood.
2.1. Techno-economic studies on barriers to more efﬁcient material
use
Existing research explaining the low uptake of material efﬁ-
ciency initiatives tend to be techno-economic studies. These type of
studies assume that individuals and ﬁrms are perfectly informed,
rational and introduce material efﬁciency improvements if they are
cost-effective. Individuals and ﬁrms may experience a number of
barriers which distort their behaviour and may mean that cost-
effective material efﬁciency improvements are not adopted.
Techno-economic studies aim to identify whether any barriers
exist, with a view to removing or reducing their incidence. Techno-
economic frameworks have also been applied to investigate bar-
riers to energy efﬁciency improvements in different sectors and
regions. A commonly used typology of barriers to energy efﬁciency
improvements is found in Sorrell et al. (2004). Six categories of
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costs, access to capital, split incentives and bounded rationality. The
techno-economic literature on barriers to material efﬁciency is less
developed and no equivalent typology exists. Researchers identify
different barriers for each case study under investigation.
Pajunen et al. (2012) conducted semi-structured interviews
with industry representatives in Finland and identiﬁed the cost of
investment and high risk associated with unproven technologies as
the two main barriers to effective material use. Shahbazi (2015)
used a similar method to investigate barriers to material efﬁ-
ciency in the Swedish automotive industry. The author attributes a
general lack of support for material efﬁciency initiatives to low
levels of awareness, inadequate economic incentives and prioriti-
sation of other issues. This can be interpreted as evidence of
bounded rationality, split incentives and imperfect information
ﬂows within companies. Shahbazi et al. (2016) build on this earlier
study by comparing empirical barriers in the Swedish automotive
industry to theoretical barriers identiﬁed in academic studies. The
authors only found empirical evidence for a subset of theoretical
barriers. They conclude that these barriers are mainly internal as
they depend on a company's characteristics and processes. They
include a lack of vision and culture on achieving material efﬁciency
improvements and inadequate communication with employees
about potential material efﬁciency opportunities. In an input-
output modelling study of steel use in the UK, Skelton and
Allwood (2013) conclude that labour taxation is a large hidden
cost and distorts the incentives to improve material efﬁciency.
Theoretical studies such as Allwood et al. (2011) and IEA (2015) also
identify various economic, social and political barriers which may
impact the decision to introduce material efﬁciency improvements.
2.2. Socio-technical studies on causes of system continuity
Socio-technical studies do not make a priori assumptions on
costs, information or the rationality of individuals and ﬁrms. These
studies “situate technology and technological innovation in the
social contexts in which they emerge” (Moloney et al., 2010). In a
socio-technical framework, the decisions made by individuals and
ﬁrms about material use and other issues are always shaped by
their social, technical, political, cultural and economic settings. The
process of designing, manufacturing and selling of cars is viewed as
part of a wider system of automobility, comprising infrastructures,
technologies, markets, practices and regulations that sustain
vehicle manufacturing and use (Urry, 2004). Socio-technical sys-
tems, including automobility, are often characterised by stability.
Individuals and ﬁrms are guided by cognitive routines, habits and
other heuristics (Geels, 2012) and their actions are also shaped by
sunk investments, contracts, standards and expectations (Geels and
Kemp, 2007). As a consequence, existing systems tend to favour
repetition and inertia, which result in incremental change along
predictable trajectories (Geels and Kemp, 2007). This may mean
that alternative, more materially efﬁcient approaches are not
adopted.
Geels (2012) identiﬁes numerous sources of stability in the
current automobility system, including: sunk investments in road
infrastructure; vested interests; a general preference for the car;
positive cultural discourse and legitimisation of the status quo by
policymakers, industry and transport planners. These features help
to explain the continued dominance of the car over other modes of
transport. Vehicle designers and manufacturers are key actors
within the automobility system (Orsato, 2004). Wells and
Nieuwenhuis (2012) identify six socio-technical factors that
currently encourage manufacturers to maintain the status quo,
namely: (1) high sunk costs creating barriers to transformative
change; (2) incremental rather than radical change in vehicledesign and manufacturing; (3) internalisation of threats by
securing supply of resources or disruptive technologies; (4) repli-
cation of products and processes throughout the industry; (5) a
privileged position with policymakers and (6) continued demand
for car ownership and use. As a consequence, the vehicle design and
manufacturing process has only changes incrementally (Wells,
2010) and business models are mainly focused on generating rev-
enues at the point of vehicle sale (Orsato andWells, 2007). Practices
in the current automobility system have resulted in many negative
environmental and social impacts (Wells, 2010). Car production
contributes to resource depletion and GhG emissions. Car use cre-
ates air and noise pollution and imposes social costs such as
congestion and accidents. These impacts are not always fully re-
ﬂected in the private costs of driving (Litman, 2009).
These negative impacts have prompted researchers to consider
what elements could potentially feature in a more sustainable, low
carbon system of automobility (Nieuwenhuis, 2014). This new
system may include non-fossil fuel based powertrains, changes in
car ownership and use or modal shifts away from the car (Geels,
2012), even leading to a ‘post-automobility system’ (Dennis and
Urry, 2009). Wells and Xenias (2015) note these elements will
each have different implications for the way that vehicles are
produced, distributed, marketed, purchased, owned and used, with
secondary impacts on material demand. Alternative powertrains,
for example, would require less change to the current vehicle
design and manufacturing process and business model than a
large-scale modal shift to walking, cycling or public transport. In an
exploratory study, Orsato (2004) identiﬁes that existing business
models and organisational capabilities of vehicle manufacturers are
key socio-technical factors that inﬂuence if and how the European
automotive industry will become more sustainable. Steinhilber
et al. (2013) explores the role electric cars may play in redressing
climate change and identiﬁes many socio-technical factors which
could inhibit the large-scale deployment of these vehicles in the UK
and Germany. These include: a lack of commercially viable tech-
nologies; fragmented infrastructure; the absence of standards and
regulations and consumer scepticism.
Existing socio-technical studies identify many sources of sta-
bility and inertia that may inhibit the emergence of an alternative,
more sustainable system of automobility. These studies also illus-
trate the importance of recognising that individuals and ﬁrms are
always guided by more than cost considerations. The operating
context in which vehicle designers and manufacturers are
embedded shapes their decisions and actions in ways that have
signiﬁcant implications for material use in the automotive industry.
Improvements in the efﬁciency of material use could potentially
feature in an alternative, low carbon system of automobility, but
this has received little attention to date. This paper aims to address
this gap in the socio-technical literature by examining the contexts
in which vehicle designers and manufacturers in the UK operate. It
identiﬁes sources of stability that help explain why some oppor-
tunities for material efﬁciency improvements are currently unre-
alized. It investigates two interconnected research questions:
1) What socio-technical factors are important in guiding the
design and manufacture of vehicles in the UK?
2) How are these factors contributing to current increases in
average vehicle material intensity and vehicle throughput?
3. Method
Fig. 2 shows the research methods employed in this study. This
approach corresponds with other socio-technical studies on low
carbon automobility systems (for example see Orsato, 2004;
Steinhilber et al., 2013). The study involved qualitative interviews
Fig. 2. Study method to derive six interconnected socio-technical factors that guide the vehicle design and manufacturing in the UK and discussion on their contribution to industry
material throughput.
S. Cooper et al. / Journal of Cleaner Production 156 (2017) 817e827820with industry experts. The results are qualitative. Data collection
and analysis were informed by the principles of grounded theory, a
deductive method of theory development. Corbin and Strauss
(1990) explain that a grounded theory approach is appropriate
for investigating the conditions that contribute to a situation, how
actors in a situation respond to changing conditions and the con-
sequences of this. Grounded theory corresponds with a socio-
technical framework in at least two ways. First, both do not make
a priori assumptions about which factors might be important in
explaining why improvements in material efﬁciency are not real-
ised. Second, both are attentive to the ways in which decisions and
actions of individuals and ﬁrms associated with material use are
embedded in speciﬁc social, technical, political, cultural and eco-
nomic settings.3.1. Description of method
As shown in box (a) in Fig. 2, a set of interview questions was
prepared after reviewing the socio-technical literature outlined in
Section 2.2. A preliminary interview was held with a former
employee at a vehicle design and manufacturing plant. Following
this preliminary interview, the questions were reﬁned to clarify
areas of misinterpretation. The next stage in the method involved
data collection and analysis, as shown in box (b) in Fig. 2. Thirty
individuals were contacted and invited to participate in an inter-
view. These individuals were selected because of their experience
and expertise in designing and manufacturing cars in the UK.
Twelve of those contacted agreed to participate in the study
(Table 1). All individuals were interviewed by the same interviewer.
The interviews were semi-structured and conducted between
January and March 2016 in person or via telephone. A list of
questions was tailored in advance of each interview to reﬂect eachinterviewee's expertise and experience (Table 2). This list ensured
important topics were discussed within the allocated time period,
while also providing ﬂexibility to pursue new lines of inquiry if and
when they arose during the interview. Questions were designed to
stimulate discussions on the process of designing and
manufacturing vehicles in the UK and of broader automotive in-
dustry trends. Material choice, including from recycled sources, is
not explicitly included in the list of pre-prepared interview ques-
tions to avoid a discussion on material switching. As discussed in
Section 1, material switching is complementary to material efﬁ-
ciency improvements. Very few of the questions explicitly asked
how material efﬁciency could be improved for three reasons. First,
every attempt was made to ensure the questions helped to identify
factors which may have implications for direct and indirect mate-
rial use. Second, it was assumed that most interviewees would not
be familiar with the deﬁnition of material efﬁciency in Allwood and
Cullen (2012). Even if interviewees were familiar, because of the
complexity of the design and manufacturing process, it is unlikely
they would have been able to explain how current industry prac-
tices have direct and indirect impacts on material use. Third,
wherever possible the questions were designed not to bias in-
terviewees. Focusing too much on the limited adoption of these
strategies may have potentially resulted in exaggerated or defen-
sive responses.
The interviews were transcribed verbatim and then analysed
following the principles of grounded theory, a deductive method of
theory development. In a deﬁnitive guide on the procedures for
developing grounded theory Corbin and Strauss (1990) explain the
aim is to produce a “well-integrated set of concepts that provide a
thorough theoretical explanation of social phenomena under
study”. Following the authors' recommendation, the transcripts
were reviewed and interpreted for three different purposes. First,
Table 1
Interviewee expertise and experience.
Type of organisation Years of experience Expertise Current role
Academia 20þ Business Professor
High volume manufacturer 5 Engineering Product developer
High volume manufacturer 5 Engineering Product developer
High volume manufacturer 10 Engineering Product manager
High volume manufacturer 20þ Engineering Materials engineer
Industry association 20þ Engineering Chief Executive Ofﬁcer
Industry association 20þ Engineering Research & development
Industry association 20þ Engineering Chief Strategy Ofﬁcer
Industry association 15 Social sciences Deputy Chief Executive
Material manufacturer 15 Chemistry Research & development
Low volume manufacturer 20þ Engineering Chief Executive Ofﬁcer
Low volume manufacturer 10 Engineering Engineer
Table 2
Open-ended questions used during the qualitative interviews.
Personal industry background
(all)
How did you come to work in your current role in the automotive industry?
Designing and manufacturing vehicles
(For automotive designers and manufacturers)
Please can you tell me about your company's organisational structure
Can you describe the working culture?
What roles do different divisions have in designing and manufacturing a vehicle?
Why do your customers choose your vehicles?
How are they different from your competitors’ vehicles?
What are your customers’ main needs and requirements?
How do you incorporate customer feedback?
How do you specify components and select suppliers?
How are regulatory requirements taken into consideration during the vehicle design and manufacturing process?
(For other interviewees)
What role does your organisation have in the UK automotive industry?
How would you characterise your relationship with others in the industry?
How does your organisation work with automotive industry to design and manufacture vehicles?
UK automotive industry
(For all)
How would you characterise the current state of the UK automotive industry?
How has it changed over time? What factors have been important in shaping this change?
What factors might disrupt current practices around the design, manufacture and sale of cars in the UK?
What scope is there to reduce the weight of vehicles further?
What factors enable or constrain the industry from reducing vehicle weight?
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ing). It was challenging to anticipate what would be relevant at the
start of the study and there were repeated phases of open coding as
each interview was conducted and each transcript was reviewed. A
total of 23 categories were identiﬁed during open coding. The
process of open coding ﬁnished when all data had been collected
and all relevant parts of the transcripts were covered by existing
codes. Some excerpts were ascribed to multiple categories. All text
included in the 23 categories was then reviewed a second time to
identify connections between themes, including correlations and
directions of causality (axial coding). Boeije (2010) explains that
there are two primary purposes of axial coding. First to determine
which categories are dominant and which are less important in
explaining the phenomena under investigation and second to
reduce and reorganise the data. The dominance and importance of
each category was initially evaluated by reviewing the frequency
and consistency of interview excerpts. The 23 open coding cate-
gories were then reviewed and condensed to the six socio-technical
factors (see Fig. 3). The full transcripts were then reviewed a third
time to identify further insights and if the factors need reﬁning
(selective coding).
As shown in box (b) in Fig. 2, data collection (interviews) and
analysis (coding) occurred concurrently. Although all interviews
broadly followed the structure outlined in Table 2, the choice ofwhich questions to include was also informed by the insights from
previous interview transcripts. Additional industry and academic
studies were sought during interview coding to supplement, sub-
stantiate and reﬁne the description of the six factors detailed in
Sections 4.1e4.6 (box (c) in Fig. 2).
Industry material throughput and material efﬁciency can be
understood as outcomes of the vehicle design and manufacturing
process. Section 5 uses the six socio-technical factors outlined in
Sections 4.1e4.6 to structure a discussion onwhat is contributing to
upward trends in vehicle material intensity and vehicle throughput
in the UK. Interview quotes and secondary sources of literature and
data are used as evidence to inform and substantiate the arguments
presented. All interviewees were invited to review and provide
structured feedback on a draft summary of these two pieces of
analysis. Five interviewees provided feedback and the content was
amended. A similar iterative approach is used in Delphi studies. Hsu
and Sandford (2007) explain that this helps ensure interviewee
responses are accurately characterised and reﬂect a general
consensus.
3.2. Study limitations
The method was designed to ensure accurate and valid results.
However, there are some limitations, common to social research,
Fig. 3. From open coding to six socio-technical factors.
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discussion should be interpreted. First, some participants discussed
commercially sensitive matters which were difﬁcult to substantiate
and anonymise. These were omitted from the analysis. Second,
responses are considered to be representative but not exhaustive
because only a sample of individuals were interviewed. Third, the
study only reﬂects the current UK operating context which limits
the generalizability of the research ﬁndings. There are a number of
deﬁning features of the UK automotive industry which mean that
the operating context may be different for vehicle manufacturers
located elsewhere. These include: national and local policies such
as innovation funding for low carbon vehicles (BIS, 2013) and the
creation of Local Enterprise Partnerships that support investment
and skills development in vehicle manufacture; research collabo-
ration between the automotive supply chain and UK universities
and a long industrial heritage. In the UK, there is also a unique mix
of: ultra-luxury, racing, small volume specialist and large volume
multinational vehicle manufacturers, which creates a unique set of
production capabilities and capacities in the automotive supply
chain. Corbin and Strauss (1990) highlight that limited generaliz-
ability is a common challenge for studies in the ‘social realm’. A
grounded theory can be veriﬁed but is difﬁcult to replicate exactly
because of differing social contexts. Despite this, there is scope for
the method to be replicated, which would enable a comparison of
different operating contexts.
4. Results
Six distinct but interacting factors were identiﬁed that guide the
process of designing and manufacturing vehicles in the UK. These
are: 1) customer preferences; 2) market positioning; 3) techno-
economic feasibility; 4) supply chain feasibility; 5) regulation;
and 6) organisational attributes. These factors inﬂuence the phys-
ical characteristics and volume of cars produced in the UK, which in
turn determines the efﬁciency of material use and total material
demand. This section continues with a description of each of the sixfactors and explains its relevance in guiding the vehicle design and
manufacturing process.
4.1. Customer preferences
Customer preferences are shaped by a mixture of different
wants and needs. Customer wants are assumed to coevolve with
trends in automobility, while customer needs are independent of
these trends. Customer preferences will differ across countries,
reﬂecting different driving and styling preferences, which means
that a model sold in two different countries may have the same
body structure but completely different interiors, vehicle perfor-
mance and features. Vehicle designers andmanufacturers will elicit
feedback across all sales regions from both ﬂeet and individual
vehicle purchasers to account for these differences in customer
preferences.
Customer preferences are some of the earliest considerations in
the vehicle development process. Customers may also be asked to
provide feedback on early concept designs. Feedback, as one
interviewee said, is typically elicited using qualitative research
techniques with existing or potential customers:
“We bring in a focus group of people and we'll ask them about
the current vehicle, what they like about it and what they don't
… how they rate the current vehicle out of desirability, value for
money, drivability”.
The insights gathered through these forums provide a ﬁrst
proxy of demand and willingness-to-pay for different features. This
enables the vehicle designer to approximate sales volumes and
price ranges for new models.
4.2. Market positioning
Vehicle manufacturers need to know what is currently available
in the market so they can design and sell novel or improved
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manufacturers will elicit customer feedback on competitors'
products to understand which attributes to differentiate and which
to replicate. One interviewee explained how this is observable in
the marketplace:
“You will have noticed within [the] automotive [industry] that
there's every type of vehicle body style you can imagine. That's
[the] manufacturers trying to capture niches to have more
market share”.
Complementary to product differentiation is brand differentia-
tion. Together they can be a source of competitive advantage
(Porter, 1985). A number of interviewees discussed the compe-
tencies of different brands and how this related to different styling
and technologies in vehicles. One interviewee also commented on
how branding can inﬂuence the culture of designing and
manufacturing vehicles:
“Audi have the catchphrase … ‘Vorsprung Durch Technik’ …
‘progress through innovation’. VW has ‘Das Auto’… ‘the car’…
VW is aboutmoving people and personal mobility; Audi is about
moving people in the most innovative way”.
Vehicle designers and manufacturers will be guided by their
company's brand identity, which inﬂuences what features to
differentiate and how.4.3. Techno-economic feasibility
Designing and manufacturing vehicles is expensive. Each new
manufacturing plant costs an average US$1500 M and each new
model generation is approximately US$1000 M (Wells, 2010). New
designs and components are only manufactured when they are
considered to be both technologically and economically feasible.
These two types of feasibility are evaluated together. As one
interviewee said:
“So you sort of have to pick between the ultimate efﬁcient thing
for us to make, which only costs us £100 and what the customer
wants. It's usually a balance between ﬁnding what satisﬁes the
customer and what's going to be feasible to manufacture”
Technical feasibility relates to physically engineering a compo-
nent in a particular way and ensuring its performance during
prototyping and testing. Economic feasibility refers to the potential
proﬁtability of a design. This is dependent on costs and customer
willingness-to-pay.Willingness-to-paywill in part be inﬂuenced by
product and brand differentiation, while costs can be more directly
inﬂuenced by the manufacturer.
Interviewees discussed various cost reduction strategies used by
the industry to improve the techno-economic feasibility of new
designs and components. These included: achieving economies-of-
scale via bulk purchases; shared and modular platforms; replicated
features across models and reduced design time through iterative
rather than radical changes to existing products. The perceived
techno-economic feasibility of a new vehicle design will also be
dependent on existing models and brands. As one interviewee
noted:
“most cars we're developing are based off something we already
have … it's about what can be done for the greatest beneﬁt
without spending much money”Techno-economic feasibility is not static. Vehicle designers will
also consider emerging technological trends. Interviewees dis-
cussed new component production processes, alternative power-
trains and autonomous vehicles as promising future technologies
for the sector. As technologies mature and diffuse, learning and
economies-of-scale accumulate and there is the potential for costs
to fall (Grubb et al., 2014).
Interview quotes show that vehicle designers and manufac-
turers jointly consider the technical and economic feasibility of a
new component or product design. This builds the business case to
opt for one design and manufacturing process over another.4.4. Supply chain feasibility
Vehicle manufacturers will either produce or buy the thousands
of individual components that make up a car. Supply chain feasi-
bility relates to whether the materials for internally made com-
ponents, or purchased ﬁnished parts, can be designed,
manufactured and delivered at cost and to schedule. It became
apparent from the interviews that each company will have its own
supplier selection process. However, desirable supplier attributes
which were commonly discussed included: reliability, ﬂexibility,
capacity, capability, delivery performance and cost effectiveness.
Important product attributes related to: costs, quality and dura-
bility alongside a range of other criteria. One interviewee said:
“Typically a company will have 30e40 criteria… The front end
of that is deﬁnitely technical. ’Canwe build using this material?’,
‘What's the effect on the production system?’… But all the way
down here you've got a whole bunch of other issues”.
The supply chain works together to design and manufacture
component parts. This requires signiﬁcant forward planning by
vehicle manufacturers, as selecting suppliers and specifying and
testing a product is a lengthy process. There is often close and
longstanding collaboration between suppliers and component
purchasers. Existing working relationships are another important
consideration when selecting suppliers. One interviewee
suggested:
“A lot of the OEMs [Original Equipment Manufacturers] have
fairly sophisticated purchasing… They know the guys and girls
out there. It's fairly mature.”
There is also some degree of supplier lock-in because, as dis-
cussed in Section 4.3, components are often shared across models
as a way of increasing economies-of-scale and reducing costs.4.5. Regulation
Manufacturers need to ensure vehicles and their component
parts meet a range of different hard, soft and self-imposed regu-
latory requirements. These requirements include safety (e.g. crash
performance) and environmental regulation (e.g. tailpipe emis-
sions, the use of hazardous materials, noise), as well as more
functional whole-vehicle attributes such as speed, drivability and
style. This creates a complex process of testing and approval. To
illustrate one interviewee remarked:
“I had 300 regulations, requirements and rules to go through…
with my one small component… Some say you have to test it in
a lab… some require results to be sent off to a certiﬁcation body
… others are kept within the company”.
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may come from industry bodies. For example, EuroNCAP (2016), a
voluntary safety performance assessment program backed by the
European Commission, was frequently mentioned during in-
terviews. One interviewee observed that one of the major brands
models ‘”got 4 stars” on this assessment and “they were gutted”.
Another explained that there was an industry wide perception that
“if you're not competitive with your EuroNCAP score you won't sell
vehicles”. Self-imposed regulation comes from standards and
established production processes set internally in a company.
4.6. Organisational attributes
Individuals will be strongly inﬂuenced by their organisation's
governance structure, institutional memory and other features of
the context in which they operate. Multidisciplinary vehicle design
teams balance top-down strategic guidance onmaterial choice (e.g.
aluminium versus steel body) and technical constraints (e.g. plat-
form choices) with bottom-up techno-economic and supply chain
considerations. As one interviewee noted this often gives rise to
“very, very complicated” governance structures which staff often
“don't fully understand”.
Vehicle manufacturers will build expertise and experience over
time as a way of managing product and process complexity. This
institutional memory may relate to vehicle testing, component
design or previous experience with suppliers. Organisational at-
tributes relate to company culture, structure and relationships and
interactions between individuals throughout the supply chain.
These contribute to the formation of routines, habits and other
heuristics which guide the vehicle design and manufacturing
process.
4.7. Connections between factors
The six factors are distinct but not independent, they interact
and inﬂuence each other. For example, Nieuwenhuis (2014) pro-
poses that regulation has partly driven innovation in alternative
powertrains and the inclusion of lightweight materials. Innovation,
and the investment it requires in personnel and manufacturing
technologies, can change the techno-economic feasibility of a
technology or production process. In the UK, vehicle and designers
can be involved in shaping innovation priorities through the
Automotive Council, a platform to strengthen dialogue and coop-
eration between the UK government and automotive industry. This
example highlights that vehicle designers and manufacturers
interact with a network of actors in a broader socio-technical sys-
tem that they also help to shape. Fig. 4 provides further examples of
the ways in which these factors are interconnected.
5. Discussion
Materials are physical inputs to the vehicle design and
manufacturing process. Section 4 has shown this process is guided
by six connected socio-technical factors. This section now examines
how these six factors are contributing to current levels of material
demand in the UK automotive industry and why opportunities for
material efﬁciency improvements may not be realised. As discussed
in Section 1, total material throughput along the automotive supply
chain depends on vehicle material intensity (Section 5.1) and
vehicle throughput (Section 5.2).
5.1. Material intensity
Material intensity depends on a vehicle's size and the amount of
material embedded in it. Fig. 1 shows that the average materialintensity of new vehicles in Europe, the UK's main export market,
has increased over the past 20 years. This upward trend in material
intensity is occurring in spite of EU regulation on CO2 tailpipe
emissions (EC, 2009), which according to one interviewee is
“driving a lightweight approach on the next generation of vehicles”
along with innovation in “powertrain efﬁciency and aerodynamic
design”. The increase in the average vehicle material intensity
might have been even higher without this regulation.
Increases in vehicle sizes may be partly explained by an ageing
European population with changing customer needs. One inter-
viewee surmised “we've seen car doors get bigger, seat heights
getting taller… because they're [vehicles] easy to get in and out of
if you're old”. Wells and Xenias (2015) already noted that an ageing
driver population impacts the design of vehicle features. They
characterise innovations such as parking sensors and collision
avoidance systems as “enablers of continued motorisation for the
elderly”. Evolving customer wants are also driving increases in
vehicle material intensity. As one interviewee observed, “what car
makers have been doing for years is shave out the steel and add in
something the customer wants”. Interviews revealed that these
‘wants’ may relate to speciﬁc features such as “electric seats …
which add 20 kg” or they may be more abstract and open to
interpretation. Interviewees spoke of designing vehicles that
offered “comfort”, “compatibility with customer lifestyles”, “desir-
ability” and “drivability”. Delivering these attributes could drive
increases in vehicle weight or size. The interviews provided some
evidence of this. One vehicle manufacturer suggested engine sizes
are larger than necessary because “customers like the feeling of
having surplus power”. Another explained that the boot size is
designed with “suitcases and golf clubs” in mind to reﬂect their
customers' lifestyle. Advances in the mechanical performance of
vehicles mean designers and manufacturers are placing more
emphasis on aesthetic and ergonomic characteristics to create an
affective response among new car purchasers (You et al., 2006).
Once this response is established it may be challenging to alter.
When asked about the scope for reducing vehicle weight one
interviewee explained that the ‘nice-to-haves’ could be dropped
but “customer satisfaction would drop because they [the cus-
tomers] have become accustomed to extra features”.
Vehicle manufacturers may also be reluctant to drop these ‘nice-
to-haves’ because of increasing market competition. In the UK, for
example, there was a threefold increase in the number of model
variants on sale between 1994 and 2009 (Wells, 2010). When
describing the process for selecting features, one manufacturer
explained that “[my company], basically end[s] up with a big table
saying ‘feature x, y, z’,… doesn't matter howmuch it costs, we have
to have it because our competitors have it and all the customers
want it”. This response to customer feedback means that new
features, which can add weight, may be replicated throughout the
industry. Feature replication may also occur for cost saving reasons
as it can lead to economies-of-scale. As one interviewee suggested,
“They [vehicle manufacturers] are more likely to spend money on a
feature or platform if it can be used across a range of vehicles”.
There are opportunities to reduce vehicle material intensity
during the manufacturing process through further improvements
in lightweight design and materials. Although this is technically
feasible, interviewees indicated that optimising the material in-
tensity of each new car model through lightweight designwould be
prohibitively costly. It would require more design time, which
means additional costs, and reduce purchasing economies-of-scale
if components are not transferable across models. Cost consider-
ations also inﬂuence material selection. For one interviewee this
meant achieving “the right balance of cost, weight, formability”.
Lighter materials tend to be more expensive. To illustrate, carbon
ﬁbre can be used in structural parts of the vehicle such as the frame,
Fig. 4. Interview quotes illustrating connections between factors.
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around 570% more expensive (McKinsey, 2012). This price differ-
ential explains why carbon ﬁbre and other lightweight materials
such as aluminium are used more by luxury vehicle brands (e.g.
Jaguar and BMW), who can pass on these costs via higher vehicle
prices. As a result, there has a been a relatively smaller increase in
average weight among luxury vehicles (Fig. 1).
When purchasing component parts from the wider automotive
supply chain, vehicle designers and manufacturers could specify
lightweight design and materials but this will be constrained by
supply chain capabilities. These were judged to be “weak’ in the UK
(AC, 2013). One interviewee shared a recent experience whereby
“we said ‘yeah that's easy’… then it came out that no supplier had
the equipment to do it, or they wanted to charge us thousands of
pounds per piece. So we had to use a less ideal choice because of
supplier capability”. A heavier design may be selected if weight is
superseded by more critical supplier or product attributes.
Opportunities to reduce the material intensity of a vehicle may
also remain unrealized due to vehicle manufacturers' organisa-
tional attributes. Interviews revealed it may be less risky to modify,
test and incrementally reduce the weight of existing vehicle and
component designs, which could disadvantage more radical light-
weight designs. One interviewee explained for them, there were
“[personal] risks to a new [lightweight] design being wrong …
having to do it again or spending lots of money to ﬁx it” which
contributed to their opinion that “there's no point in doing some-
thing completely different when you know that something works
already”. A complex approval process may also disadvantage
radical lightweight designs. For one interviewee, approval was
needed from, “my manager, then my manager's manager and then
to my counterpart abroad and then to his manager”. Many in-
dividuals with different organisational priorities would need to be
convinced of the merits of radically different designs over existing
ones. As a consequence, vehicle manufacturers tend to focus on
optimising existing designs rather than starting with a blank piece
of paper and considering what might be most materially efﬁcientapproach.
5.2. Vehicle throughput
Material throughput in the automotive industry will also
depend on how many vehicles are manufactured and sold. Vehicle
throughput in the UK automotive industry is increasing (ICCT,
2016). Although customers will choose when to retire their cur-
rent vehicle, or make the decision to purchase a new vehicle for the
ﬁrst time, these decisions can be inﬂuenced by vehicle manufac-
turers. Rather than consider all of the factors which motivate cus-
tomers to purchase new cars, this section is limited to a discussion
on how the vehicle design and manufacturing process can inﬂu-
ence vehicle longevity. There is also a discussion on other features
of the industry's operating context which favours high vehicle
throughput.
Demand for new cars would fall if the existing ﬂeet of vehicles
were kept for longer. Many vehicles have a shorter lifespan than is
technically possible (Nieuwenhuis, 2014). The interviews revealed
that this is partly due to an industry focus on the preferences of the
ﬁrst customer. The design of a vehicle and its components, how-
ever, will inﬂuence lifecycle operational and repair costs. One
interviewee observed that “the things that are surprise and delight
for a newcar buyer are usually shock and disappointment for a used
car buyer. They break and cost a fortune to ﬁx”. This assertion is
supported by evidence in automotive trade publications that as
vehicles become ﬁlled with more complex electronic features, they
become costlier to repair (Fleetnews, 2014; Allen, 2010). It can also
be difﬁcult and costly to get replacement components for older
vehicles as improved product designs and production processes
become techno-economically feasible over time. To illustrate, one
interviewee discussed how much seats have changed over the last
30 years, “When we looked at the base of the (1980s) seat… even
the ergonomics had completely changed …. It looked unrecognis-
able, like a metal bench … [it] wouldn't give you the level of per-
formance and comfort and safety you get with a modern seat”.
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parts which could also increase the cost of repair relative to the
value of the vehicle, which may favour scrapping.
Techno-economic factors and longstanding organisational at-
tributes also encourage high vehicle throughput. The large size of
sunk investments in the automotive industry means plants are
most proﬁtable when they operate close to full capacity to expe-
rience economies-of-scale. One interviewee speculated that
“[manufacturing plants] need to run at [approximately] 85% ca-
pacity or they're not making money”. The UK automotive industry
has over a hundred years of experience designing and mass
manufacturing vehicles and deriving revenues at the point of sale.
Even luxury vehicle manufacturers based in the UK are
manufacturing thousands of customised built-to-order vehicles per
annum. Interviewees referred to this process as “advanced”,
“optimised” and “based on volume”. Reorientation to alternative
business models and forms of value capture based around lower
vehicle throughput requires complex organisational change and
may be perceived as riskier, as the potential proﬁtability is less well
understood. In spite of these risks, the industry is beginning to
explore alternative business models to supplement revenue from
vehicle sales. Both Ford and BMW recently launched car sharing
initiatives in the UK, where drivers pay for vehicle access. If all cars
were shared rather than owned, there could be a reduction in
vehicle throughput. In 2015, there were only 4200 car sharing ve-
hicles in the UK (Carplus, 2016). By comparison, the UK automotive
industry manufactured 1.5 M vehicles in 2015 (SMMT, 2016),
demonstrating the continued dominance of a business model
focused on high vehicle throughput.
6. Conclusions
Material throughput in the UK automotive industry depends on
how much material is embedded in each vehicle (material in-
tensity) and how many vehicles are sold (vehicle throughput).
Although reducing the material intensity of vehicles and vehicle
throughput may be technically feasible, material throughput is
increasing.
This paper shows that increasing vehicle material intensity is
partly due to an ageing driver population and evolving customer
preferences for features which increase vehicle weight and size.
Market competition means these features are often replicated
across brands. There are a number of reasons why vehicle designers
and manufacturers may opt for more material-intensive designs.
Using lightweightmaterials may be technically feasible but they are
often more expensive. Reducing the weight of components for each
new vehicle increases design and purchasing costs, particularly if
there is limited supplier capacity. This paper also found some evi-
dence that more material-intensive designs that are proven and
tested may be preferable to novel untested lightweight designs.
Vehicle throughput could fall if cars were kept for longer but as
vehicles become ﬁlled more features the cost of repairs increase
and may incentivise vehicle scrapping. This paper shows that high
sunk costs, longstanding experience and expertise in high volume
manufacturing and sales and complex organisational structures
make it challenging to transition to new business models based on
lower sales volume.
Material throughput and the efﬁciency of material use in the UK
automotive industry are outcomes of a complex, advanced design
and manufacturing process, involving thousands of individuals in a
supply chain with long established routines, experience and re-
lationships. Any initiatives seeking to improve the efﬁciency of
material use are unlikely to be successful if only the technical
feasibility is understood. Further research could focus on: connec-
tions between factors, the applicability of factors to othergeographies and sectors and the stability or variability of each
factor over time. There may also be transferable insights from en-
ergy efﬁciency studies on how quantify the contribution of each
factor to vehicle material intensity. Dehning et al. (2017), for
example, develop amultiple linear regressionmodel to identify and
evaluate the relative inﬂuence of different factors on the energy
intensity of automotive plants. These future topics for research
would provide further clarity onwhymaterial efﬁciency remains an
underexploited GhG mitigation strategy in industry.
Acknowledgements
S. Cooper is supported by a UK Engineering and Physical
Sciences
Research Council (EPSRC) PhD studentship (reference EP/
L504920/1).
Professor J.M. Allwood and Dr B.J. Doody by grant number EP/
N02351X/1. None of the funding sources were involved with con-
ducting the research.
References
Allen, M., 2010. Why Are Modern Cars So Expensive? Available at: www.
popularmechanics.com/cars/how-to/a6232/why-modern-cars-are-so-
expensive/ (Accessed 01 April 2017).
Allwood, J.M., Cullen, J.M., 2012. Sustainable Materials with Both Eyes Open. UIT
Cambridge, Cambridge, UK.
Allwood, J.M., Ashby, M.F., Gutowski, T.G., Worrell, E., 2011. Material efﬁciency: a
white paper. Resour. Conserv. Recycl. 55, 362e381. http://dx.doi.org/10.1016/
j.resconrec.2010.11.002.
Bajzelj, B., Allwood, J.M., Cullen, J.M., 2013. Designing climate change mitigation
plans that add up. Environ. Sci. Technol. 47 (14), 8062e8069. http://dx.doi.org/
10.1021/es400399h.
Boeije, H., 2010. Analysis in Qualitative Research. Sage Publications Ltd, London, UK.
Carplus, 2016. Annual Survey of Car Clubs. Leeds, UK. Available at: www.carplus.org.
uk/tools-and-resources/annual-survey-of-car-clubs/ (Accessed 01 April 2017).
Corbin, J., Strauss, A., 1990. Grounded theory research: procedures, canons, and
evaluative criteria. Qual. Sociol. 13 (1), 3e21.
Dehning, P., Thiede, S., Mennega, M., Herrmann, C., 2017. Factors inﬂuencing the
energy intensity of automotive manufacturing plants. J. Clean. Prod. 142 (4),
2305e2314. http://dx.doi.org/10.1016/j.jclepro.2016.11.046.
Dennis, K., Urry, J., 2009. After the Car. Polity, Cambridge, UK.
Department for Business, Innovation and Skills (BIS), 2013. Driving Success: a
Strategy for Growth and Sustainability in the UK Automotive Sector. London,
UK.
European Commission (EC), 2009. Setting Emission Performance Standards for New
Passenger Cars as Part of the Community's Integrated Approach to Reduce CO2
Emissions from Light-duty Vehicles. Regulation No 443/2009. Brussels,
Belgium.
EuroNCap, 2016. About EuroNCap. Available at: www.euroncap.com/en/about-
euro-ncap/ (Accessed 01 April 2017).
Eurostat, 2016. Data Table e Passenger Cars, by Age. Available at: www.ec.europa.
eu/eurostat/web/transport/data/database (Accessed 01 April 2017).
Fleetnews, 2014. Average Cost of Repair for Electrical Faults Rises by a Third.
Available at: www.ﬂeetnews.co.uk/news/2014/3/18/average-cost-of-repair-for-
electrical-faults-rises-by-a-third/49914/ (Accessed 01 April 2017).
Geels, F.W., 2012. A socio-technical analysis of low-carbon transitions: introducing
the multi-level perspective into transport studies. J. Transp. Geogr. 24, 471e482.
http://dx.doi.org/10.1016/j.jtrangeo.2012.01.021.
Geels, F.W., Kemp, R., 2007. Dynamics in socio-technical systems: typology of
change processes and contrasting case studies. Technol. Soc. 29 (4), 441e455.
http://dx.doi.org/10.1016/j.techsoc.2007.08.009.
German, J., Lutsey, N., 2010. The Technical Rationale for Selecting Size as an Attri-
bute for Vehicle Efﬁciency Standards. White Paper Number 9. ICCT, Washington,
USA.
Grubb, M., Hourcade, J.-C., Neuhoff, K., 2014. Planetary Economics. Earthscan,
London, UK.
Hsu, C.C., Sandford, B.A., 2007. The Delphi technique: making sense of consensus.
Pract. Assess. Res. Eval. 12 (10), 1e8.
International Council on Clean Transportation (ICCT), 2016. European Vehicle
Market Statistics - the European Vehicle Market Statistics Pocketbook. Available
at: www.eupocketbook.theicct.org (Accessed 01 April 2017).
International Energy Agency (IEA), 2015. World Energy Outlook. Paris, France.
International Organisation of Motor Vehicle Manufacturers (OICA), 2016. Produc-
tion Statistics. Available at: www.oica.net/category/production-statistics/
(Accessed 01 April 2017).
IPCC, 2014. Fifth Assessment Report of the Intergovernmental Panel on Climate
Change. Cambridge University Press, Cambridge, UK.
S. Cooper et al. / Journal of Cleaner Production 156 (2017) 817e827 827Litman, T., 2009. Transportation Cost Beneﬁt Analysis: Techniques, Estimations and
Implications. Victoria Transport Policy Unit, Victoria, Canada.
McKinsey & Company, 2012. Advanced Industries: Lightweight, Heavy Impact.
Moloney, S., Horne, R.E., Fien, J., 2010. Transitioning to low carbon communities e
from behaviour change to systemic change: lessons from Australia. Energy Pol.
38, 7614e7623. http://dx.doi.org/10.1016/j.enpol.2009.06.058.
Nieuwenhuis, P., 2014. Sustainable Automobility; Understanding the Car as a Nat-
ural System. Edward Elgar publishing, Cheltenham, UK.
Orsato, R., 2004. The ecological modernization of organizational ﬁelds: a framework
for analysis. In: Sharma, S., Starik, M. (Eds.), Stakeholders, the Environment and
Society. Edward Elgar Publishing, Cheltenham, UK, pp. 270e306.
Orsato, R., Wells, P., 2007. U-turn: the rise and demise of the automobile industry.
J. Clean. Prod. 15 (11), 994e1006. http://dx.doi.org/10.1016/
j.jclepro.2006.05.019.
Pajunen, N., Watkins, G., Wierink, M., Heiskanen, K., 2012. Drivers and barriers of
effective industrial material use. Min. Eng. 29, 39e46. http://dx.doi.org/10.1016/
j.mineng.2011.12.008.
Porter, M.E., 1985. The Competitive Advantage: Creating and Sustaining Superior
Performance. Free Press, New York, USA.
Shahbazi, S., 2015. Material Efﬁciency Management in Manufacturing. M€alardalen
University Press Licentiate Theses No. 210.
Shahbazi, S., Wiktorsson, M., Kurdve, M., Jonsson, C., Bjelkemyr, M., 2016. Material
efﬁciency in manufacturing: Swedish evidence on potential, barriers and stra-
tegies. J. Clean. Prod. 127, 438e450. http://dx.doi.org/10.1016/
j.jclepro.2016.03.143.
Skelton, A.C.H., Allwood, J.M., 2013. The incentives for supply chain collaboration to
improve material efﬁciency in the use of steel: an analysis using input output
techniques. Ecol. Econ. 89, 33e42. http://dx.doi.org/10.1016/
j.ecolecon.2013.01.021.Society of Motor Manufacturers and Traders (SMMT), 2016. Motor Industry Facts
2016. London, UK.
Sorrell, S., O'Malley, E., Schleich, J., Scott, S., 2004. The Economics of Energy Efﬁ-
ciency e Barriers to Cost Effective Investment. Edward Elgar Publishing, Chel-
tenham, UK.
Steinhilber, S., Wells, P., Thankappan, S., 2013. Socio-technical inertia: under-
standing the barriers to electric vehicles. Energy Policy. http://dx.doi.org/
10.1016/j.enpol.2013.04.076.
Urry, J., 2004. The ‘system’ of automobility. Theor. Cult. Soc. 21 (4e5), 25e39. http://
dx.doi.org/10.1177/0263276404046059.
Wells, P.E., 2010. The Automotive Industry in an Era of Eco-austerity: Creating an
Industry as if the Planet Mattered. Edward Elgar Publishing, Cheltenham, UK.
Wells, P.E., Nieuwenhuis, P., 2012. Transition failure: understanding continuity in
the automotive industry. Technol. Forecast. Soc. Chang. 79 (9), 1681e1692.
http://dx.doi.org/10.1016/j.techfore.2012.06.008.
Wells, P.E., Xenias, D., 2015. From 'freedom of the open road' to 'cocooning': un-
derstanding resistance to change in personal private automobility. Environ.
Innov. Soc. Transit 16, 106e119. http://dx.doi.org/10.1016/j.eist.2015.02.001.
Witik, R.A., Payet, J., Michaud, V., Ludwig, C., Manson, J.-A.E., 2011. Assessing the life
cycle costs and environmental performance of lightweight materials in auto-
mobile applications. Compos Part A Appl. S 42, 1694e1709. http://dx.doi.org/
10.1016/j.compositesa.2011.07.024.
You, H., Ryu, T., Oh, K., Yun, M.-H., Kim, K.-J., 2006. Development of customer
satisfaction models for automotive interior materials. Int. J. Ind. Ergon. 36 (4),
323e330. http://dx.doi.org/10.1016/j.ergon.2005.12.007.
Zervas, E., 2010. Analysis of the CO2 emissions and of the other characteristics of the
European market of new passenger cars. 1. Analysis of general data and analysis
per country. Energy Policy 38 (10), 5413e5425. http://dx.doi.org/10.1016/
j.enpol.2010.02.008.
